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Pichia pastorisIn yeast like in many other eukaryotes, fatty acids are stored in the biologically inert form of triacylglycerols
(TG) and steryl esters (SE) as energy reserve and/or as membrane building blocks. In the present study, we
identiﬁed gene products catalyzing formation of TG and SE in the methylotrophic yeast Pichia pastoris.
Based on sequence homologies to Saccharomyces cerevisiae, the two diacylglycerol acyltransferases Dga1p
and Lro1p and one acyl CoA:sterol acyltransferase Are2p from P. pastoris were identiﬁed. Mutants bearing
single and multiple deletions of the respective genes were analyzed for their growth phenotype, lipid com-
position and the ability to form lipid droplets. Our results indicate that the above mentioned gene products
are most likely responsible for the entire TG and SE synthesis in P. pastoris. Lro1p which has low fatty acid
substrate speciﬁcity in vivo is the major TG synthase in this yeast, whereas Dga1p contributes less to TG syn-
thesis although with some preference to utilize polyunsaturated fatty acids as substrates. In contrast to
S. cerevisiae, Are2p is the only SE synthase in P. pastoris. Also this enzyme exhibits some preference for certain
fatty acids as judged from the fatty acid proﬁle of SE compared to bulk lipids. Most interestingly, TG formation
in P. pastoris is indispensable for lipid droplet biogenesis. The small amount of SE synthesized by Are2p in a
dga1Δlro1Δ double deletion mutant is insufﬁcient to initiate the formation of the storage organelle. In sum-
mary, our data provide a ﬁrst insight into the molecular machinery of non-polar lipid synthesis and storage in
P. pastoris and demonstrate speciﬁc features of this machinery in comparison to other eukaryotic cells, espe-
cially S. cerevisiae.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The methylotrophic yeast Pichia pastoris is widely used in industry
for the production of heterologously expressed proteins [1–4]. The in-
tense commercial interest in this yeast has raised various questions
about its cell biology. A deeper knowledge of biomembranes, organelle
physiology and lipid metabolism of this microorganism can obviously
contribute to a better understanding of protein processing and secre-
tion routes through the endomembrane system in the host cells. For
this reason, we started a systematic approach to investigate organelles
from P. pastoris with emphasis on their membrane lipid and protein
composition [5–7].
Most recently, we characterized for the ﬁrst time the lipidome and
proteome of lipid droplets (LD) from P. pastoris, the storage organelle
for the non-polar lipids triacylglycerols (TG) and steryl esters (SE) [5]. In
the present study we extended these investigations to the identiﬁcationGraz University of Technology,
873 6462; fax: +43 316 873
).
Y-NC-ND license.of genes and gene products performing synthesis of non-polar lipids in
this yeast and characterized their contribution to lipid storage in LD.
Enzymeswhich synthesize non-polar lipids in yeastwere so far best char-
acterized in Saccharomyces cerevisiae [8–13] and Yarrowia lipolytica
[14,15]. In S. cerevisiae, the two TG synthases Lro1p and Dga1p and the
two SE synthases Are1p andAre2p are typical representatives of these en-
zyme classes.
TG are typically formed by acylation of diacylglycerols (DAG) with
fatty acids. In S. cerevisiae, the diacylglycerol:phospholipid acyltransferase
Lro1pwith its phospholipase A2/B and acyltransferase activities forms TG
in an acyl-CoA-independent manner utilizing phospholipids as acyl do-
nors [8,9]. In contrast, the diacylglycerol acyltransferase Dga1p utilizes
activated fatty acids as co-substrates to esterify DAG in an acyl-CoA-
dependent reaction [10,11]. Lro1p is a component of the endoplasmic re-
ticulum(ER)whereasDga1pwas found to be dually located to LD and the
ER [11]. It has been reported that Dga1p and Lro1p from baker's yeast
have a certain preference for unsaturated fatty acids, especially C16:1
and C18:1 [16,17]. We showed recently that the fatty acid composition
of TG from P. pastoris reﬂects rather the total cellular pool of fatty acids
[5] suggesting moderate fatty acid speciﬁcity of the enzymes involved
in synthesis.
Table 1
List of primers used in this study.
Nr Sequence from 5′ to 3′ end
1 CTAGTGATATAGCAACAGATGTTGTTG
2 CGCCTTAATTAACCCGGGGATCCGAGGTGAAAGGCTGACGGCTCAAG
3 CCATCCAGTTTAAACGAGCTCGAATTCTGTTTACATCTGTGAGTTGTAAAC
4 GCTGATCAGGATGGTCAGC
5 AGGTTTGCCGTTATTCTGGG
6 GTGTGTGGGGGATCCGCACAAACGAAGGTTTTATCGCCAGTTTGCGGA
7 CGCTCGAAGGCTTTAATTTGCAAGCTGGAGTTGAGCCAGTATCTTTTTTA
8 AGATGTCAACTGAAACAGAAGATGG
9 CGTATGCAGGTAGCAAGGGAAATGTCATCATTAAATGGAGGTGAAAGTTTG
10 TACTTGTATCGGCATTACACAGCC
11 CAGAGACTGGATGTTGCGGTATTC
12 CGTATGGAGAAACTGGGACTTATTTAAGTGTTTTAAATAGGGATATAC
13 ATGACATTTCCCTTGCTACCTGCATACG
14 TTAAATAAGTCCCAGTTTCTCCATACG
15 ATGCAACTACGGAAAAGAGG
16 GTTTAACTCTGCAGATCCCAG
17 ATGCCTGAAAAGAAGAACAGTCG
18 AGGATCCAGCATTAAACCTCTC
19 ATGCCGATCCCAGTGGCGAG
20 CTAAGTATAGAGAGCACAAGAGGC
21 CAAACGGGGTTACTATTTCC
22 AAAATCACTCGCATCAACCA
23 GAGAATTAAAAGGTAGATACGC
24 TCAGTCCTGCTCCTCGGCCACGAAGTGCACGC
25 CATTCATCGGATAAAACTGTGCTGC
26 CTGTGGCTTCCTTATCGACCC
27 CATTCCATCCATGGATAACAGG
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Are1p and Are2p, are present in the ER [12,13,18,19]. Both enzymes
esterify sterols using acyl-CoAs as co-substrates. Are2p is the major
acyl CoA:sterol acyltransferase in S. cerevisiae and preferentially forms
esters of ergosterol, the ﬁnal product of the sterol biosynthetic pathway
in this yeast. Are1p esteriﬁes sterol precursors with similar efﬁciency as
ergosterol and ismore active under hypoxic conditions [13,20,21]. In our
previous study [5] we showed that SE in LD from P. pastoris are present
as esters of ergosterol and ergosterol precursors in comparable amounts.
TG and SE are synthesized in the ER and stored in the core of spe-
cialized organelles, the LD [22]. The basic structure of LD is similar in
different cell types and consists of a non-polar lipid core surrounded
by a phospholipid monolayer with a small but distinct set of proteins
embedded. Most recently, proteome and lipidome analyses of LD
from P. pastoris identiﬁed the major components of this compartment
[5]. In contrast to S. cerevisiae, LD from P. pastoris contain much TG but
only a small amount of SE. It was hypothesized that the low amount
of SE was due to the limited capacity of P. pastoris to form sterols.
The lipid composition of LD was reminiscent of the yeast Y. lipolytica
[23] but also of mammalian adipocytes [24].
Interestingly, in P. pastoris the presence of the two diacylglycerol
acyltransferases Dga1p and Lro1p but only of one acyl CoA:sterol
acyltransferase, Are2p, has been predicted by homologies [25]. The aim
of the present study was to identify and characterize these non-polar
lipid synthesizing enzymes from P. pastoris at themolecular andbiochem-
ical level, to investigate their contribution to TG and SE synthesis and
study their inﬂuence on LD biogenesis. For this purpose, we constructed
strains lacking the putative P. pastoris diacylglycerol acyltransferases,
Dga1p and Lro1p and the acyl CoA:sterol acyltransferase, Are2p. Single,
double and triple deletionmutants were subjected to growth phenotype,
lipid and organelle analysis. The results presented here providemolecular
information about the network of non-polar lipid synthesis and storage
in P. pastoris and further contribute to our understanding of cell andmo-
lecular biology of this microorganism.
2. Experimental procedures
2.1. Strains and culture conditions
P. pastoris strain CBS7435ku70his4 (MATa,Mut+, His−) (kindly pro-
vided by A. Glieder) [26] considered as wild type and its derivative
strains lro1Δ (MATa, Mut+, His−), dga1Δ (MATa, Mut+, His−), are2Δ
(MATa, Mut+, His+), dga1Δlro1Δ (MATa, Mut+, His−), lro1Δare2Δ
(MATa, Mut+, His+), and dga1Δlro1Δare2Δ (MATa, Mut+, His+)
were used throughout this study. Cells were grown under aerobic condi-
tions to the early stationary phase (26 h) at 30 °C in YPD medium
containing 1% yeast extract (Oxoid), 2% peptone (Oxoid) and 2% glucose
(Merck); and in YPO medium containing 1% yeast extract (Oxoid), 2%
peptone (Oxoid), 0.2% oleic acid, and 0.02% TWEEN®40 (Sigma-Aldrich).
Media were inoculated to a starting OD600 of 0.1 from precultures grown
aerobically for 48 h in YPD at 30 °C.
2.2. Strain constructions
For the analysis of protein sequences of P. pastorisDga1p (C4R3W3),
Lro1p (C4R1G7) and Are2p (F2QWB7) we made use of annotations in
UniProtKB/TrEMBL (protein entries shown in brackets). Alignment with
S. cerevisiae and Y. lipolytica orthologs with Clustal Omega algorithm [27]
and common domain search in the Pfam protein families databases [28]
was performed with tools available at KEGG (Kyoto Encyclopedia of
Genes and Genomes) database resource (http://www.genome.jp/kegg/).
DNA from wild type P. pastoris CBS7435ΔKu70 strain was isolated
employing the Yeast DNA Kit (Omega bio-tek) and used for applications
described below. The construction of acyltransferase deletion mutants
was based on the gene deletion strategy described byWach [29]. Deletion
cassettes either contained antibiotic resistance markers or auxotrophygenes as core selection markers ﬂanked by 5′ and 3′ adjacent regions
of target genes. The homologous recombination strategy replaced target
genes by selectionmarker genes. All primers used in this study are listed
in Table 1.
The cassette for deletion of LRO1 was produced using overlap
extension PCR strategy. Long 5′ (593 bp) and 3′ (600 bp) ﬂanking re-
gions of LRO1 gene were ampliﬁed from genomic DNA using primers
1, 2 and 3, 4, respectively. Then, these ﬂanking regions were fused
with the Kanamycin resistance gene together with promoter and ter-
minator parts from pFA6a-kanMX6 plasmid in one overlap extension
(OE) PCRwith the outermost primers 1 and 4, resulting in the LRO1 de-
letion cassette (2673 bp). After column spin puriﬁcation the cassette
was ready for yeast transformation.
For construction of the DGA1 gene deletion cassette 5′ (540 bp)
and 3′ (426 bp) ﬂanking regions of the DGA1 gene were ampliﬁed
from genomic DNA using primers 5, 6 and 7, 8, respectively. Then
ﬂanking regions were fused with the Zeocin resistance gene together
with promoter and terminator parts (1194 bp) from pPICz/B plasmid
(Invitrogen) in one OE PCR with the outermost primers 5 and 8,
resulting in the DGA1 deletion cassette (2160 bp). After column spin
puriﬁcation the cassette was ready to use.
To create an ARE2 gene deletion cassette, long 5′ (551 bp) and 3′
(551 bp) ﬂanking regions of ARE2 gene were ampliﬁed from genomic
DNA using primers 9, 10 and 11, 12, respectively. TheHIS4 open reading
frame (2536 bp) was ampliﬁed from pPIC3.5 K plasmid (Invitrogen)
using primers 13 and 14. PCR products were column puriﬁed with
NucleoSpin®Extract II kit (genXpress) and fused in a sequential overlap
extension resulting in the ARE2 deletion cassette (3885 bp). After column
spin puriﬁcation the cassette was ready to use.
All deletion cassettes obtained as described above were utilized for
transformation of the P. pastoriswild type strain CBS7435ΔKu70. Trans-
formations were performed following the protocol of Lin-Cereghino et
al. [30]. In brief, 50–70 μl electro-competent cells mixed with 1–2 μg
of the respective puriﬁed deletion cassette were subjected to electropo-
ration with a MicroPulser™ (BIO-RAD), incubated for 2 h in 1 ml 1 M
sorbitol/YPD (1:1; v:v), centrifuged, resuspended in 100 μl of supernatant
and incubated on appropriate selection plates for 48–60 h at 30 °C until
colonies appeared.
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poses, two sets of primers for each gene deletion were designed. The
ﬁrst set was complementary to the ends of the full or almost full
length ORFs. Primers 15 and 16 correspond to LRO1, 17 and 18 to
DGA1, and 19 and 20 to ARE2. The second set of primers was designed
as follows. One primer binds 50–100 bases outside the putative inte-
gration place. The other primer binds inside the cassette to its selec-
tion marker part. The presence and the correct size of the resulting
PCR product conﬁrmed the correct locus of integration of the cassette.
Primers 21 and 22 were designed to conﬁrm the presence of the LRO1
deletion cassette, primers 23 and 24 for the DGA1 deletion cassette,
and primers 25 and 14 for the ARE2 deletion cassette. DNA from
non-transformed wild type cells was used as a negative control.
Clones which did not show a signal for target ORFs but the correct
signal for the integration event were subjected to sequencing. Sequenc-
ing primer 26was used for proving LRO1 deletion, 27 for DGA1 deletion,
and 10 for ARE2 deletion. Conﬁrmed single mutants were used for gen-
erating double and triple deletionmutants by sequential deletions using
the same procedure described above for each single deletion.
2.3. Analytical methods
Proteins were quantiﬁed by the method of Lowry et al. [31] using
bovine serum albumin as a standard. Prior to quantiﬁcation, proteins
from yeast cell homogenates were precipitated with trichloroacetic
acid and solubilized in 0.1% SDS, 0.1 M NaOH.
Lipids from homogenates of yeast cells grown to the early station-
ary phase (26 h) were extracted as described by Folch et al. [32]. For
quantiﬁcation of non-polar lipids, extracts were loaded onto Silica Gel
60 plates with the aid of a sample applicator (CAMAG, Automatic TLC
Sampler 4, Muttenz, Switzerland), and chromatogramswere developed
in an ascending manner by a two-step developing system. First, light
petroleum/diethyl ether/acetic acid (25/25/1; per vol.) was used asmo-
bile phase and chromatograms were developed to half-distance of the
plate. Then, plates were dried brieﬂy and chromatograms were further
developed to the top of the plate using light petroleum/diethyl ether
(49/1; v/v) as the second mobile phase. To visualize separated bands,
TLC plates were dipped into a charring solution consisting of 0.63 g
MnCl2 x · 4 H2O, 60 ml water, 60 mlmethanol and 4 ml of concentrat-
ed sulfuric acid, brieﬂy dried and heated to 105 °C for 40 min. Visual-
ized bands were scanned at 400 nm and quantiﬁed using triolein and
cholesteryl ester as standards. The amounts of non-polar lipidswere re-
lated to 1 mg total cell protein.
Fatty acids were analyzed by gas liquid chromatography (GLC).
Total cell lipid extracts were prepared as described above. For the
analysis of the fatty acid composition of individual non-polar lipids,
TLC-separated TG and SE were scrapped off the plate, re-extracted
and dried. Then, samples were subjected to methanolysis using 2.5%
H2SO4 in methanol and fatty acids were converted to methyl esters.
Fatty acid methyl esters were separated using a Hewlett-Packard 6890
gas chromatograph equipped with an HP-INNOWax capillary column
(15 m × 0.25 mm inner diameter × 0.50 μm ﬁlm thickness) and helium
as carrier gas. Fatty acids were identiﬁed by comparison to commercial
fatty acid methyl ester standards (NuCheck, Inc., Elysian, MN).
2.4. Microscopy
For ﬂuorescence microscopy, P. pastoris cells were grown on YPD
medium to the early stationary phase (26 h). Cells from 1 ml culture
were harvested by centrifugation, washed once with deionized
water, stained for 10 min with 5 μl (10 μg/ml) of the lipid droplet
speciﬁc dye AC-201 [2-(2,6-diisopropylphenyl)-4-(ethylamino)-
5,6,7-triﬂuoroisoindole-1,3-dione], a structural analog of triﬂuor-
oaminophthalimide [33] and analyzed using a LEICA DM LB2 mi-
croscope with a 100-fold oil immersion objective and excitationﬁlter BP 515–560 nm. Images were taken with Leica DFC 350 FX
camera.
For electron microscopy, cells were harvested in the early station-
ary phase by centrifugation and washed 3 times with double distilled
water. Subsequently, cells were ﬁxed for 5 min in a 1% aqueous solu-
tion of KMnO4 at room temperature, washed with double distilled
water and ﬁxed in a 1% aqueous solution of KMnO4 for 20 min again.
Fixed cells were washed four times in distilled water and incubated in
0.5 % aqueous uranyl acetate overnight at 4 °C. Samples were then
dehydrated for 20 min each in a graded series of 50%, 70%, 90%, and
100% ethanol. Pure ethanol was then changed to propylene oxide, and
specimen were gradually inﬁltrated with increasing concentrations
(30%, 50%, 70% and 100%) of Agar 100 epoxy resin (Agar Scientiﬁc Ltd.,
Stansted, England) mixed with propylene oxide for a minimum of 3 h
per step. Samples were embedded in pure, fresh Agar 100 epoxy resin
and polymerized at 60 °C for 48 h. Ultrathin sections of 80 nm were
stained for 3 min with lead citrate and viewed with a Philips CM 10
transmission electron microscope.
3. Results
3.1. Identiﬁcation of non-polar lipid forming acyltransferases from
Pichia pastoris
Protein sequences of P. pastoris Dga1p, Lro1p and Are2p were
aligned with orthologs from S. cerevisiae and Y. lipolytica [8–15] and an-
alyzed for their conserved domain architecture (Fig. 1) as described in
the method section. UniProtKB entries are shown in brackets.
Diacylglycerol acyltransferase, Dga1p from P. pastoris (C4R3W3) has
a total amino acid sequence identity of 40% with Dga1p from
S. cerevisiae (Q08650) and 33% identity with Dga1p from Y. lipolytica
(Q6C3R2). Similar to its orthologs, Dga1p from P. pastoris has two diacyl-
glycerol acyltransferase (DAGAT) domains at amino acid positions
115–175 and 199–450 and the highly conserved DAGAT motifs
161YFPI164and 222FGYHPHG228 [34] (Fig. 1A).
The whole amino acid sequence of the phospholipid:diacylglycerol
acyltransferase Lro1p from P. pastoris (C4R1G7) has 49% identity with
S. cerevisiae (P40345) and 52% with Y. lipolytica (Q6C5M4) orthologs.
As its orthologs, it contains a large lecithin:cholesterol acyltransferase
(LCAT) domain at amino acids 176–615 and an α/β hydrolase-fold at
amino acid positions 292–369 (Fig. 1B). Lro1p from P. pastoris has also
a predicted transmembrane domain at amino acid positions 74–91,
which has similarity to the transmembrane domains of S. cerevisiae [35]
and Y. lipolytica orthologs. Noteworthy, the amino acids of P. pastoris
Lro1p in positions Ser313, Asp558, and His609 are conserved between
orthologs and correspond to the active site of S. cerevisiae Lro1p. Ser324
is the potential site of acyl ester intermediate formation, and Asp567
and His618 are predicted to be involved in the charge relay system
(UniProtKB).
The acyl-CoA:sterol acyltransferase Are2p (F2QWB7) from
P. pastoris has 40% identity with the S. cerevisiae (P53629) and
42.5% identity with the Y. lipolytica (Q6C2M6) ortholog (Fig. 1C).
As its homologs, it has two membrane associated O-acyl transferase
family domains between amino acids 163–525 and 409–481. The
conserved amino acid motifs of P. pastoris Are2p at positions 224–237
and 406–412 are similar to two sites of S. cerevisiae Are2p providing
afﬁnity for oleoyl-CoA [36]. Additionally, the P. pastoris enzyme has a
conserved motif at positions 457–461 where His459 corresponds to
His579 of the potential active site of the S. cerevisiae ortholog.
3.2. Growth phenotype of P. pastoris strains deﬁcient in non-polar lipid
synthetic enzymes
To address possible general physiological effects caused by the lack
of non-polar lipid biosynthetic enzymes in P. pastoris we analyzed the
growth phenotype of lro1Δ, dga1Δ and are2Δ single deletion strains;
Fig. 1. Sequence alignment of non-polar lipid synthesizing enzymes from P. pastoris. A: Domain architecture of Dga1p from P. pastoris, S. cerevisiae and Y. lipolytica. Common diacylglycerol
acyltransferase domains (DAGAT) are retrieved from Pfam database. Multiple protein sequence alignments show two highly conserved yeast Dga1p amino acid motifs (in bold, marked
with squares). B: Domain architecture of Lro1p from P. pastoris, S. cerevisiae and Y. lipolytica. Common lecithin:cholesterol acyltransferase (LCAT) andα/β hydrolase (Abhydrolase_5) do-
mains are retrieved from Pfam database. Aligned amino acid sequences of transmembrane domains are marked with dashed squares and active site vicinity motifs with potential active
site catalytic triade (in bold) are shownwithin squares. C: Domain architecture of Are2p from P. pastoris, S. cerevisiae and Y. lipolytica. Commonmembrane boundO-acyl transferase family
domains (MBOAT) are retrieved from Pfam database. Protein sequence alignment shows conserved active site motifs with crucial amino acids (in bold, marked with squares). Numbers
indicate amino acid positions.
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dga1Δlro1Δare2Δ (TM) triple deletion mutant when grown on glu-
cose and oleic acid, respectively (Fig. 2). Growth of all mutants was
similar to wild type when glucose was used as a carbon source. Whencells were grown on oleic acid, the dga1Δlro1Δ double mutant lack-
ing both diacylglycerol acyltransferases Dga1p and Lro1p and the
dga1Δlro1Δare2Δ triple mutant showed slight growth retardation,
whereas single deletion mutants grew like wild type.
Fig. 2. Growth of P. pastoris mutants bearing defects in non-polar lipid synthesis.
A yeast pre-culture grown in YPD for 48 h was used to inoculate fresh YPD or YPO media at a starting OD600 of 0.1. Cells were incubated at 30 °C with vigorous shaking. At time
points indicated aliquots were withdrawn, cells were washed in 0.5% fatty acid-free BSA, and absorbance was measured. w , WT; □, lro1Δ; △, dga1Δ; ×, are2Δ; ●, lro1Δare2Δ; ○,
dga1Δlro1Δ; +, TM (dga1Δlro1Δare2Δ).
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To conﬁrm the predicted function of gene products encoded by
LRO1, DGA1 and ARE2 from P. pastoris we measured the amounts of
TG and SE in total cell extracts of deletion mutants and wild type
strain grown on glucose or oleic acid (Fig. 3). In strains grown on glu-
cose, deletion of LRO1 led to a 46% decrease of TG compared to wild
type, whereas in a dga1Δ mutant only a moderate decrease of TG
was observed (Fig. 3A). Interestingly, the TG level was also slightly
decreased in a strain deleted of ARE2. The dga1Δlro1Δ double mutant
lackingboth predicted TG synthaseswas practically devoid of TG similar
to the TMwhere all three genes encoding for non-polar lipid synthesiz-
ing enzymes were missing. Essentially the same results were obtained
with cells grown on oleate. Also on this carbon source deletion of
LRO1 led to highest reduction of the TG amount, and strains deleted of
both DGA1 and LRO1 as well as the TM were practically devoid of TG.
Surprisingly, cellular SE levels were also decreased by deletion of
DGA1 and LRO1 (Fig. 3B). Also in this case, the effect was stronger in
the lro1Δ mutant than in dga1Δ. In a dga1Δlro1Δ double mutant the
SE level was ~40 % of wild type grown on glucose, and only ~10% of
wild type when oleate was used as a carbon source. Not unexpectedly,Fig. 3. Non-polar lipid composition in P. pastoris strains deleted of DGA1, LRO and ARE2.
Cells were grown at 30 °C on YPD or YPO media, respectively, to the early stationary phase. T
A: TG content in deletion strains grown on glucose (gray bars) and oleate (white bars). B: SE
are mean values of at least three independent experiments. Error bars indicate the standard d
are as follows: * b 0.05; ** b 0.01; *** b 0.005.deletion of ARE2 alone or in combination with DGA1 and LRO1 (TM)
led to a complete loss of SE in cells grown on both carbon sources.
Based on these results, Lro1p appears to be the major and Dga1p
the minor TG synthase in P. pastoris under conditions tested. It is
very unlikely that these two gene products catalyze SE formation, be-
cause the single deletion of ARE2 led to a more or less complete loss of
SE. The decreased amounts of SE in lro1Δ and dga1Δ strains as well as
the slightly reduced level of TG in the are2Δ mutant can rather be
explained by a negative feedback control to fatty acid synthesis caused
by the lack of non-polar lipid producing enzymes. The occurrence of
trace amounts of TG and SE in deletion mutants described above may
serve as a hint that further enzymes capable of synthesizing non-polar
lipids although with minor capacity exist in P. pastoris.
The major fatty acids found in P. pastoris lipids from cells grown
under standard conditions are palmitic (C16:0), palmitoleic (C16:1),
stearic (C18:0), oleic (C18:1), linoleic (C18:2) and linolenic acid (C18:3)
[5–7]. In dga1Δ and are2Δ single mutants the fatty acid pattern was
similar to wild type and only in lro1Δ a slight increase in C18:3 and a
decrease of C18:1 was observed (data not shown). In the dga1Δlro1Δ
double mutant and in the dga1Δlro1Δare2Δ TM, however, fatty acid
patterns were markedly changed (Fig. 4). Growth of both mutants onotal cell lipids were extracted and analyzed by TLC as described in the methods section.
content in deletion strains grown on glucose (gray bars) and oleate (white bars). Data
eviation. Signiﬁcance was calculated by Student's t-test (one tailed, unpaired). p values
Fig. 4. Fatty acid proﬁle of P. pastoris dga1Δlro1Δ and dga1Δlro1Δare2Δ strains.
Total cell lipid extracts from wild type (black bars), dga1Δlro1Δ (gray bars) and dga1Δlro1Δare2Δ TM (white bars) strains grown on YPD or YPO to the early stationary phase were
analyzed by GLC for fatty acid composition. The amounts of individual fatty acids are shown as % of total fatty acids. Data are mean values of at least three independent experiments.
Error bars indicate the standard deviation. Signiﬁcance was calculated by Student's t-test (one tailed, unpaired). p values are as follows: * b 0.05; ** b 0.005.
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accompanied by a strong decrease in oleic acid (C18:1). At the same
time, the amount of palmitic acid (C16:0) increased in both mutants
although more pronounced in dga1Δlro1Δ than in TM. When cells
were grown on YPO, oleic acid was the major fatty acid found in lipid
extracts of all strains for obvious reasons. Also under these conditions,
in dga1Δlro1Δ and TM the relative amounts of polyunsaturated fatty
acids increased in comparison to wild type. In particular, a 1.6-fold in-
crease in C18:2 and a 2-fold increase in C18:3 were observed. In both
strains, the amounts of C16:0 increased, whereas reduced levels of
C18:1 were detected. Thus, it appears that the capability of fatty acid
storage in the form of SE and TG has a strong impact on the fatty acid
pattern in P. pastoris.
To address the substrate speciﬁcity of LRO1 and DGA1 gene prod-
ucts toward fatty acids we performed fatty acid analysis of TG isolated
from lro1Δ and dga1Δ single deletion mutants and compared the
patterns to wild type (Fig. 5). This analysis showed that in dga1Δ
where only Lro1p is active the fatty acid pattern of TG was identical
to wild type indicating low substrate selectivity of Lro1p. In the lro1Δ
mutant bearing Dga1p as the only TG synthesizing enzyme the fatty
acid pattern of TG was changed toward more saturated species. A
1.5-fold increase in C16:0 and amore than 2 fold increase in the relative
amount of C18:0 were observed at the expense of C18:1 and C18:2. Al-
though Dga1p appears to be theminor contributor to total TG synthesisFig. 5. Fatty acid composition of triacylglycerols from dga1Δ and lro1Δ.
TG fromwild type (black bars), dga1Δ (gray bars) and lro1Δ (white bars) strains grown
on YPD to the early stationary phase were analyzed for their fatty acid composition as
described in the methods section. The amounts of individual fatty acids are shown as % of
total fatty acids. Data are mean values of at least three independent experiments. Error
bars indicate the standard deviation. Signiﬁcance was calculated by Student's t-test (one
tailed, unpaired). p values are as follows: * b 0.01; ** b 0.005.in P. pastoris (see Fig. 3) and only marginally affects the total cellular
fatty acid composition (see Fig. 4) this enzyme appears to be more spe-
ciﬁc for acyl CoA substrates than Lro1p.
As described above the ARE2 gene product appears to be the only
SE synthase in P. pastoris. To test for the substrate speciﬁcity of Are2p
in vivo we analyzed the fatty acid pattern of SE and compared it to
total cell lipid extracts from wild type. Fig. 6 shows that in SE the rel-
ative amount of stearic acid (C18:0) was 8-fold higher than in bulk
lipids and the amount of C16:0 was slightly increased. Surprisingly,
C16:1 was completely missing in SE and the amounts of polyunsatu-
rated fatty acids C18:2 and C18:3 were markedly lowered. These data
suggest that Are2p has a rather strong preference for certain fatty acid
substrates. The speciﬁcity of Are2p from P. pastoris for sterols used as
the second substrate for the formation of SE can be deduced from the
sterol pattern of SE present in LD [5]. These results showed that similar
to S. cerevisiae the Are2p from P. pastoris can utilize both ergosterol and
its precursors as substrates.
3.4. Microscopic inspection of mutants compromised in non-polar
lipid synthesis
To test the ability of P. pastorismutants bearing defects in non-polar
lipid synthesizing enzymes to store lipids in the form of LDmicroscopic
inspections were performed. For this purpose, wild type and mutants
were grown on glucose or oleate, respectively, to the stationaryFig. 6. Fatty acid composition of steryl esters from wild type.
P. pastoris wild type was grown on YPD to the early stationary phase. Total cellular
lipids (white bars) and SE (black bars) were analyzed for their fatty acid composition.
Amounts of individual fatty acids are shown as % of total fatty acids. Data are mean
values of at least three independent experiments. Error bars indicate the standard de-
viation. Signiﬁcance was calculated by Student's t-test (one tailed, unpaired). p values
are as follows: * b 0.01; ** b 0.005.
Fig. 7. Fluorescence microscopy of P. pastoris strains compromised in non-polar lipid synthesis.
Wild type (WT), single mutants (lro1Δ, dga1Δ, and are2Δ), double mutants (lro1Δare2Δ and dga1Δlro1Δ) and triple mutant (TM, dga1Δlro1Δare2Δ) were grown on YPD or YPO
at 30° to early stationary phase (26 h), stained with AC-201 [2-(2,6-diisopropylphenyl)-4-(ethylamino)-5,6,7-triﬂuoroisoindole-1,3-dione] and subjected to ﬂuorescent mi-
croscopy as described in the methods section. Green ﬂuorescence highlights lipid droplets. Scale bars, 2.5 μm.
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[2-(2,6-diisopropylphenyl)-4-(ethylamino)-5,6,7-triﬂuoroisoindol-
e-1,3-dione] [33]. Fluorescence microscopy (Fig. 7) revealed that
single deletion mutants formed LD similar to wild type indepen-
dently of the carbon source. However, the dga1ΔlroΔ double mutant
lacking both TG synthases and the dga1Δlro1Δare2Δ TM deleted of
all three genes encoding non-polar lipid synthesizing enzymes did
not form LD at all. These observations suggested that TG are indis-
pensable for LD formation in P. pastoris and the small amount of SE
which is present in dga1Δlro1Δ is not sufﬁcient for LD biogenesis.
To unambiguously prove the role of LRO1 and DGA1 gene products
in the process of LD formation and to investigate in addition the general
cellular structure of non-polar lipid synthesis deﬁcient strains, we
performed electron microscopic studies of mutants grown on YPD and
YPO (Fig. 8). The appearance of LD in all strains testedperfectlymatched
data obtained with ﬂuorescence microscopy. Also these experiments
showed that dga1Δlro1Δ and TM strains are unable to form LD. Further-
more, no major differences in the cell structure of mutants and wild
typewere observed at least under growth conditions used in this study.
4. Discussion
In the present studywe identiﬁed gene products catalyzing formation
of non-polar lipids in the methylotrophic yeast P. pastoris. Bioinformatic
analysis identiﬁed two diacylglycerol acyltransferases Dga1p and Lro1pFig. 8. Electron microscopy of P. pastoris strains compromised in non-polar lipid synthesis.
Pictures show electron micrographs of KMnO4-ﬁxed wild type (WT), single mutants (lro1Δ,
(TM, dga1Δlro1Δare2Δ) grown on YPD or YPO, respectively, at 30° to the early stationary ph
viations indicate speciﬁc organelles: LD — lipid droplets, M — mitochondria, P — peroxisomesand one acyl-CoA:sterol acyltransferase Are2p. The proposed catalytic
functions of these proteins were tested by using single, double and triple
deletion mutants and analyzing growth phenotype, lipid composition
and cell structure.
Under standard growth conditions with glucose as the sole carbon
source the growth behavior of all generated mutants was similar
to wild type. This result is in agreement with data obtained with
S. cerevisiae before [8,11,12]. However, a marked difference between
these two yeast species was observed when oleate was used as a car-
bon source. Whereas in S. cerevisiae strains lacking the ability to form
non-polar lipids [37,38] growth on oleate led to a lipotoxic effect,
growth retardation of P. pastoris dga1Δlro1Δ and dga1Δlro1Δare2Δ
on this carbon sources was only moderate. Most likely this effect is
due to efﬁcient induction of peroxisome proliferation and fatty acid
β-oxidation upon growth of P. pastoris on fatty acids [6] which is much
less pronounced in S. cerevisiae.
Another marked difference to S. cerevisiae is the contribution of
Dga1p and Lro1p from P. pastoris to TG synthesis. Whereas in P. pastoris
Lro1p is the more potent diacylglycerol acyltransferase, Dga1p is the
major contributor to TG synthesis in S. cerevisiae [16]. P. pastoris
mutants dga1Δlro1Δ and dga1Δlro1Δare2Δ bearing deletions of both
diacylglycerol acyltransferases contained only traces of TG indicating
that these two geneproducts are themajor or even the only TG synthase
in P. pastoris. Our molecular biological and biochemical analyses also
suggested that P. pastoris in contrast to S. cerevisiae harbors only onedga1Δ, and are2Δ), double mutants (lro1Δare2Δ and dga1Δlro1Δ) and the triple mutant
ase. Details of the experimental procedures are described in the methods section. Abbre-
, N — nucleus. Scale bars, 0.5 μm.
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low sterol producing yeast [6,7]which also contains only small amounts
of SE. Lack of SE in P. pastoris are2Δ strongly suggests that the respective
gene product is the only SE biosynthetic enzyme in this yeast. Notably,
however, deletion of LRO1 gene alone or in combination with DGA1
also resulted in amarked decrease of SE.We assume that in the absence
of TG synthetic enzymes fatty acid synthesis may be reduced resulting
in an indirect negative effect on SE production. Similar observations
were made with S. cerevisiae [39]. Interestingly, growth of P. pastoris
on oleate did not considerably affect SE synthesis as has been shown
in S. cerevisiae [39] where SE biosynthetic enzymes are inhibited in the
presence of oleate.
Since non-polar lipids are the core components of LD it was not sur-
prising that deletion of the respective biosynthetic genes from P. pastoris
affected the formation of this lipid storage organelle. Our microscopic
inspections showed that single deletions of acyltransferases changed
neither number nor size of LD signiﬁcantly. However, a dga1Δlro1Δ dou-
ble deletion strain completely lacked LD. Obviously, the low amount of
SE produced in this strain was not sufﬁcient for LD biogenesis. In con-
trast, S. cerevisiae strains grown on glucose form LD even if only one SE
biosynthetic enzyme is active [16]. Electron microscopy of P. pastoris
deletion mutants grown on YPD or YPO did not show altered organelle
structure. Thus, a putative lipotoxic stress caused by the presence
of oleate in the medium does not harm P. pastoris cells. Previous
studies had demonstrated that the endoplasmic reticulum in S. cerevisiae
was highly proliferated when an excess of fatty acids was present in a
dga1Δlro1Δare1Δare2Δ mutant grown on oleate [38]. This is not the
case in P. pastoris. The more robust utilization of fatty acids as a source
of energy in P. pastoris may explain these ﬁndings. This view was
supported by the ﬁnding that the levels of total and individual
phospholipids from P. pastoris mutants compromised in non-
polar lipid biosynthesis grown either on YPD or YPO remained unaf-
fected (our own unpublished results).
The absence of TG in P. pastoris dga1Δlro1Δ and in dga1Δlro1Δare2Δ
had a marked effect on the bulk membrane fatty acid composition
(see Fig. 4). In both mutants the amount of polyunsaturated fatty
acids was enhanced. At present, we can only speculate about a possi-
ble feedback regulation of non-polar lipid formation on fatty acid
synthesis and modiﬁcation. The slight preferences of TG and SE bio-
synthetic enzymes for certain fatty acids cannot explain the observed
effects with bulk fatty acids.
In conclusion, our results presented here describe for the ﬁrst time
molecular components of the non-polar lipid biosynthetic machinery of
P. pastoris. Interestingly, some of these results parallel data obtainedwith
S. cerevisiae, whereas other ﬁndings unveil marked differences in the
synthesis of TG and SE in the two yeast species. One striking example
is the robust utilization of fatty acids in P. pastoris even in the absence
of non-polar biosynthetic enzymes. Thus, results reported here expand
our current knowledge of P. pastoris lipid metabolism and shed some
light on lipid storage and LD formation in this yeast, but also provide
more general evidence for the variety of lipid metabolic processes in dif-
ferent types of cells.
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